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ABSTRACT 


For swashplate-type axial piston machines, one of the most important 
parts is the lubricating interface between the valve plate and the 
cylinder block. When the valve plate and cylinder are subjected to 
pulsating loads, the interface between the two serves as a bearing and 
a seal. However, at the low speed of the pump, insufficient 
lubrication of the contact causes quick wear and substantial friction 
loss, drastically decreasing the pump's efficiency. Therefore, the 
material composition for fabricating the friction pair could contribute 
to the pump's efficiency. In this paper, an accurate prediction of the 
time-dependent tribological interface characteristics was performed 
to instruct the interface design efficiently and load holding capacity. 
Ball-on-disc tests were conducted to investigate the friction and wear 
behaviors of the valve plate/cylinder block interface using three types 
of valve plate materials. Cr12Mov base bronze coating (S1) prepared 
by physical vapor deposition has better tribological performance than 
the other two specimens of 38CrMoAI base bronze coating (S2) 
prepared by chemical vapor deposition and ductile Iron (S3). Results 
indicate that the S2 valve plate showed a much lower friction 
coefficient and wear rate. The scratch comparison reveals that the S2 
specimen enhances the desired fracture toughness and protects the 
coatings from severe wear. S3 specimen has the lowest wear rate for 
the disc but higher friction coefficients and causes severe wear to its 
counter body surface (B4) due to differences in material composition 
and hardness. 


KEYWORDS: Friction; Wear; Axial piston pump; Valve plate; 
Cylinder block 
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The principle of the hydraulic transfer of energy can 
be found in many industrial ranges of applications. 
Due to the high achievement density, the compact 
building method, and the small efficiency weight, 
hydraulic drives are of great importance for use in the 
mobile range. Under the rotation drives, the axial 
piston machine in swashplate design belongs to the 
preferential construction principles due to its compact 
and durable building method, which gets along with 
comparatively few construction units [1], [2]. The 
further advantages of the swashplate axial piston 
pump, in particular, are compact and can operate at 
high pressure and high overall efficiency [3], [4], [5]. 


Because axial piston pumps usually operate under 
severe conditions, the tribological parts are crucial [6]. 
The valve and cylinder block interface is essential in 
an axial piston pump as these two elements generate 
most of the frictional loss in the pump [7]. In 
particular, the low-speed friction characteristics of the 
internal pump parts come into serious question, as 
they are subject to mixed lubrication, which leads to 
increased friction loss and a higher wear rate [8]. Fig. 
1. Shows the swashplate axial piston hydraulic pump 
with multiple pistons arranged within the rotating kit 
on a given pitch radius around the main pump shaft. 
The pistons are encased by a cylinder block connected 
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to the main pump shaft, often through a mechanical 
spline [9]. The pressing force, the spring force, and the 
separating force between the valve plate/cylinder 
block are all determined by the oil film pressure and 
can be obtained numerically and experimentally, 
which has also been reported in previous works [10], 
[11],[12]. 
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Fig. 1 A schematic of the swashplate type axial 
piston pump 


Recently, low-speed efficiency due to insufficient 
lubrication has drawn considerable attention. The 
contact between the valve plate and cylinder block is 
crucial because the mechanical efficiency of the 
whole pump depends heavily on these two 
components, particularly at low speeds. Michael et al. 
[13] investigated the problem by examining the 
hydraulic fluids. They concluded that formulating a 
fluid with low static boundary friction coefficients 
and the minor changes in viscosity at increased 
temperature and pressure could improve start-up 
efficiency. Lee et al. [10] reported their achievements 
by applying coatings to improve the low-speed 
efficiency of a piston pump. Results showed that by 
representing the improvement in the torque efficiency 
of the whole pump based upon the degree of the 
friction coefficient reduction, CrZrN coatings 
exhibited approximately a 0.35% higher improvement 
at 300 bar and 100 rpm than CrSiN coatings and the 
low-speed efficiency increased considerably [14]. 


More so, research on surface morphology and 
topography has already improved many industrial 
applications, such as bearings [15] and gears [16],[17]. 
However, the comparative studies of surface 
morphology for different materials of the valve plate 
of swashplate type axial piston pump have not yet 
been systematically investigated from a tribology 
perspective. 


A layer of oil film exists between the valve plated and 
cylinder block in ideal conditions, which lubricates 
the action of the friction pair [18]. However, because 
the sealing strips separate the higher-pressure area of 
the outlet from the lower pressure area of the inlet, a 
periodic eccentric moment occurs in the valve plate, 


causing an imbalance between the downward 
compressive stress and the upward support. The 
cylinder block will then come into touch with a 
portion of the valve plate, causing wear and tear [19]. 
The pressure distribution on a valve plate varies 
depending on the valve plate geometry and working 
pressure. Wang et al. [20] numerically calculated the 
pressure distribution of a valve plate with oil outlet 
pressure at 25 MPa. He found that the pressure ranged 
from 2 MPa to 25 MPa on the suction port of the 
valve plate; this means selecting a load for these tests 
is essential; a desirable load of 20 N, 40 N, 60 N, and 
80 N was used in these tests. 


This present study focuses on a comparative analysis 
of the different surface material composition, surface 
treatment, and material hardness of the valve plate 
under HM-46 oil lubrication according to load, 
velocity, temperature, and time on the friction and 
wear behaviors of the friction pair at low speeds of 
the swashplate type axial piston pump. Recently, the 
face of the valve plates and the cylinder block are 
usually made of different hardness (H.V) materials. 
As a result, most wear debris deposited on the 
material has less HV. Copper (usually Brass and red 
copper) is used for the cylinder block. In contrast, 
steel, 38CrMoAIl, or ductile iron with or without 
surface coated having different alloy constituents is 
used for the valve plate. The cylinder block material 
was B4 brass, which is mainly used to manufacture 
the cylinder block in swashplate axial piston 
machines. Therefore, B4 remained constant 
throughout the tests. The coefficient of friction and 
wear rate are measured using a_ ball-on-disc 
tribometer, and further discussion is made from 
different results perspectives. 


Experimental details 

Material selection. 

In this study, three different valve plate materials for 
the axial piston pump machine were supplied by 
High-Tech Fluid Power Co, Limited (China). They 
are well known for producing high-standard precision 
hydraulic pumps. The lower specimens (Valve plate); 
Cr12MoV Subtract Bronze Coating-chemical vapor 
deposition (S1), Cr12MOV Subtract Bronze Coating- 
physical vapor deposition (S2), and ductile Iron (S2), 
which is without any surface coating. Fig. 2 shows 
the valve plate with different material compositions. 


The upper specimen representing the cylinder block 
was made of a brass ball (B4). The hardness 
specimens of which were approximately Vickers 
Hardness tester was performed using 0.05 kgf load 
for 10 s, and the average values were obtained by 
measuring six points on each specimen. Table 1 
shows the details of the Vickers hardness for the test 
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specimens. Moreover, each section of the lower 
specimens received was cut into equal sizes of 
25*20 mm‘. For a better comparison, the contacting 
surfaces of the lower specimens must have the same 
surface roughness since the lower specimens are from 
different pumps having different surface roughness. 
Therefore, the contacting surfaces were polished 
mechanically using SIC emery paper with varying 
grain sizes, from course to optimal fine finish. It 
should be noted that great care was taken to ensure 
that the specimens' original surface roughness was as 
similar as feasible to eliminate any influence on the 
test results. 


The specimens were cleaned with ethanol solution for 
5-10 minutes using an ultrasonic cleaner machine, 


S] $2 7 7 


then rinsed with running water and dried well to 
obtain the optical micrographs and remove any 
impurity on the surface before and after the tests. 
H.M. anti-wear hydraulic oil L-HM 46 was used 
throughout the tests. It has good anti-wear properties, 
oxidation and foam resistance, and demulsification 
and rust prevention properties, which are fully 
compatible with acrylonitrile-butadiene rubber and 
other sealing materials. Table 2 shows the properties 
of the oil used for the tests. 


The root means square (RMS) value was used to 
evaluate the surface roughness. The R, values of the 
lower specimens were 0.4 um. The specimens surface 
topography before coefficient of friction tests is 
shown in Error! Reference source not found. 


ae 


Fig. 2 Friction pair of the valve plate, chemical vapor deposition coating (S1), physical vapor 
deposition coating (S2), and ductile iron valve plate without surface coating 


Table 1 H.V. of specimens under loading force of 0.05 kgf for 10s 


Statistical Results 
Sample Name Minimum value Maximum value | Average. value 
sal 80.40 96.71 89.38 
S2 99.19 171.24 136.30 
2 259.94 282.25 274.94 


Table 2 Properties of the hydraulic oil used 


L-HM 46 Anti-wear hydraulic oil properties 


Viscosity Index 


48.2 


Kinematic viscosity (mm? /s at 40°C) | 96.3 


Flashpoint 


196 


Pour point 


-16 


Fig. 3 surface topography of the specimens before the coefficient friction tests 


Test Procedure 

The coefficient of friction test was performed using HSR-2M high-speed reciprocating friction and wear tester. 
The reciprocating motion in 5mm stroke length against the upper specimen ball (66 mm). The rotation speed of 
the upper specimen was set to 500 rpm throughout the tests. Each test lasts for 20 min with a radius of rotation of 
6 mm. The force applied was set to 20 N, 40 N, 60 N, and 80 N. For the level of accuracy, each test was repeated 
three times for data reproducibility at room temperature between 25 - 27 “€ with a relative humidity of 40 % - 
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60%. The matching specimens are shown in the test plan in Table 3. The sections of each wear scar were 
measured at five different points. The wear volume was calculated on average to reduce the chance of error as in 
Equation 1. The elementary composition of the specimens is shown in Table 4 


The surface topography and morphology were measured using the 3D and profile measurement system equipped 
with a confocal laser scanning microscope (CLSM), which is featured by acquiring in-focus images from 
selected depths known as "optical sectioning." An energy dispersive spectrometer (EDS) equipped with a 
scanning electron microscope (SEM) was also used to identify the surface's chemical elements. SEM images and 
energy spectrum analysis of the worn surface and debris further speculated the wear mechanism. 


= LeSy (1) 


Where W.R refers to the wear rate; V; is the volume lost after the test (tum2); W) is the wear length (m); L is the 
load force applied (N), and the Sq is the sliding distance of the upper specimen (m). 


Table 3 Test conditions for the experiment. 


Test condition Value 
Rotation Speed (rpm) 500 
Loads (N) 20, 40, 60, 80 
Ball diameter (mm) 6 
Disc dimension (mm) 25*50 
Sidling distance (mm) 2 
Lubricant L-HM 46 
The temperature of lubricating oil | 29 
Lubricant viscosity 40° 96.3 
Humidity (%) 40-60 


Table 4 Chemical composition of the specimens 


Lower specimens (at%) Cu Sn 
S1 88.6) 7.8 1.4 1.8 1,7 0.01 | 0.1 
S2 86 10.5 4.0 i 1.7 |0.001) 0.1 
S3 93-94 | 2.7-2.8 | 1.4-1.5 | 0.7 | 0.8-0.9 | 0.001 | 0.001 
Upper specimen (at%) | Cu Zn Pb Cd Hg impurity 
B4 61.5 | balance | <100PPM | <5PM | <5PPM | <0.0005 


Results and Discussion 

Coefficient of friction results 

The coefficient of friction (COF) results is 
summarized in Fig. 4-Fig. 7 for the upper specimen 
B4 brass sliding on the three lower specimens; S1, 
$2, and S3, performed under different loading of 20 
N, 40 N, 60 N, and 80 N, respectively. When the 
loading force is large, the ball and the disc are in the 
sliding friction process, and the contact pressure 
increases; likewise, the lubrication oil keeps 
changing. Hence, the gap between the friction pairs 
varies. The lubrication state is changed from 


Friction Coefficeint 


1 1 1 H 1 Cl EE a a ee ee Seer 
boundary lubrication to mixed lubrication and then to S155 Seb ee Abe Get Pa Baa Bee tee0 ed 
hydrodynamic lubrication since the surface of the Time (s) 


Specimens 1s not cnurely Smpolt. Fig. 4 Measured coefficient of friction during 


wet reciprocating sliding between B4 and the 
valve plate materials at a loading force of 20 N 
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Moreover, from the COF results, most of the debris 
produced was flushed out of the contact surface, 
giving a stable coefficient of friction curves for all the 
applied loads due to the oil used for the lubrication of 
the interface. The coefficient of friction at 20 N for S1 
is slightly higher ~ 0.14 than that of S2 and S2. Even 
though the difference is slight, the three specimens 
show very short instability running time due to the 
effect of the hydraulic oil, and the friction coefficient 
increased slowly and finally remained stable. The 
friction coefficient changed slightly with the normal 
load changing at a constant temperature (Fig. 4-Fig. 
7). 


Friction Coefficeint 


0 150 300 450 600 750 900 
Time (s) 


1050 1200 


Fig. 5 Measured coefficient of friction during 
wet reciprocating sliding between B4 and the 
valve plate materials at a loading force of 40 N 


The specimen with bronze layer (S2) could not show a 
clear dependence on the applied loads and shows 
consistency in the friction coefficient curves. It can be 
seen that ductile iron with an uncoated layer could not 
improve friction compared to coated surfaces S1 and 
$2. Still, the S1 specimen has the ability to absorb 
heat from the frictional pair interface when the contact 
pressure increases (Fig. 4). The bronze layer coating is 
well-known to increase wear resistance and not 
purposely for reducing friction [21], [22]. 


Averagely, from the results of the tribological test 
shown in (Fig. 4-Fig. 7) for the various test conditions. 
S2 specimen coating exhibits the lowest coefficient of 
friction value, and the S1 specimen has the highest 
COF value. All specimens exhibited similar COF 
curves, which showed excellent friction-reducing 
abilities; meanwhile, the addition treated and material 
composition containing higher Pb element (Table 4) 
of S2 specimen surface coating showed the best anti- 
wear abilities. 
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Fig. 6 Measured coefficient of friction during 
wet reciprocating sliding between B4 and the 
valve plate materials at a loading force of 60 N 
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Friction Coefficeint 


0 150 300 450 600 


750 900 1050 1200 
Time (s) 
Fig. 7 Measured coefficient of friction during 
wet reciprocating sliding between B4 and the 
valve plate materials at a loading force of 80 N 


Wear Rate 

Ideally, wear that occurs during sliding contact 
surface is usually considered a mechanical process. 
However, well-developed models of mechanical wear 
based on deformation and fracture have been reported 
[16]. compares the lower specimens' wear rate for the 
various loading forces applied at a constant 
temperature. The S3 specimen shows a minimal wear 
rate (Fig. 8); at the maximum loading force, the wear 
rate was ~ 1750 um?/Nm. In other words, the wear 
resistance of the S3 specimen surface has increased 
due to the strain hardening of the surface. Hence, it 
exhibits low wear volume loss and uniform increasing 
wear rate, rather than a continuous increase of larger 
volume lost as seen on the S1 and S2 specimens. The 
wear rates of the S1 specimens are much greater, 
particularly at 80 N (~10190 um?/Nm). 


Fig. 9 reveals the average wear track of the upper 
specimen that was used against the lower specimens. 
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It can be observed that the wear track for S1 and S2 
are shallower than those of the S3 specimens. As 
shown in Fig. 9, the ball for the S3 specimen 
exhibited larger wear depth, resulting in higher 
surface deformation as the contact pressure or the 
loading force increased. 
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Fig. 8 Average wear rate results of lower 
specimens for different Loading force 
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Fig. 9 Profilometry of the average wear tracks of 
the upper specimen (B4 ball) 


These phenomena occurred due to differences in 
material hardness and strain hardening of the ductile 
iron surface. As shown in Table 1, the ductile iron 
hardness is 274.92 HV, whiles the upper specimen 
(B4) has 168 HV. Therefore, since B4 is softer than 
ductile iron, the wear and rate of damage occurred 
more on the B4 (ball) surface as the contact pressure 
increased. 


Wear surface characterization 

Fig. 10-Fig. 12 presents the 3D view and SEM images 
of friction tests generated on wear scar surfaces under 
different working conditions. The amount of wear 
debris observed was relatively limited because most 
debris was flushed out of the wear scar by the 
lubricating medium, reducing the abrasive wear. Even 
though ductile iron (S3) had the lowest wear rate (Fig. 


8), it caused severe surface deformation to its counter 
body (Fig. 12), the upper specimen (B4). Many small 
asperities were found on the surface of the Sl 
specimen. Abrasive wear, delamination, and spalled 
surfaces could be present due to the brittleness of the 
S1 specimen, as exhibited in Fig. 10. These weathered 
surfaces, representing the third body, are marked by 
"plowed" tracks generated by debris, in agreement 
with Fan et al. [23]. 


SEM Image 
x120 


B4 | — 

Fig. 10 3D profilometer and SEM images of the 
surface deformation rate on the upper (B4) and 
lower (S1) specimens at (a) minimum load of 20 
N and (b) maximum load of 80 N 


Fig. 11 3D profilometer and SEM images of the 
surface deformation rate on the upper (B4) and 
lower (S2) specimens at (a) minimum load of 20 
N and (b) maximum load of 80 N, respectively. 


As the velocity and loading force increases, more 
frictional heat is generated, intensifying the plastic 
deformation of the surface micro protrusions of the 
bronze coating specimens (S1 and S2). This 
deformation strengthens the surface hardness of the 
B4 ball Fig. 10a and Fig. 11a, which improves the 
wear resistance of the counter surface [24], especially 
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on the S1 specimen. It ultimately makes the wear 
surface look smooth (Fig. 11b) at the 80 N loading 
force. Exfoliate debris was generated under various 
loads, and flake-like debris was extended with the 
load increased Fig. 10-Fig. 12 exemplifies that when 
the load increases (20 N-80 N), the delamination is 
progressively relieved. Furthermore, the extension of 
peeling pits is exhibited with the load increasing, 
suggesting fatigue wear. 


Fig. 12 3D profilometer and SEM images of the 
surface deformation rate on the upper (B4) and 
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Fig. 13 Energy dispersive X-ray spectrometer (EDS) analysis results for the S1 specimen at 80 N load 
for three analysis positions with corresponding spectrums. 
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lower (S3) specimens at; (a) minimum load of 20 
N and (b) maximum load of 80 N, respectively. 


Energy Dispersive Spectra Analysis 

The SEM images depict the presence of small 
particles and some larger particles on the surfaces of 
the S1 coating. In contrast, S3 has fewer particles 
than the S2 specimen, with few particles on its 
surface. The EDS results shown in Fig. 13 further 
indicated signs of transfer of brass particles. In 
addition, the presence of Lead (Pb) elements 
enhances the wear resistance of the surface, the mass 
fraction of Cu was reduced as the contact pressure 
increased, and the S1 specimen showed more abrasive 
grooves at 80 N. 


Furthermore, the upper specimen showed few 
amounts of bronze accumulating on the surface of the 
B4 due to the influence of the lubricating films and 
material hardness difference; the EDS analysis Fig. 
13-Fig. 14 further confirmed it. Moreso, lead (Pb) 
elements detected on the surface of the S2 coating 
were very small for the area analyzed since lead 
elements are not uniformly distributed on the surface 
due to their dense nature. As exhibited in Fig. 13, 
spectrum 3 confirmed the mass fraction loss of Cu on 
the surface of the S1 specimen. 
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Fig. 14 Energy dispersive X-ray spectrometer (EDS) analysis results for the S2 specimen at 100N load 
for three analysis positions with corresponding spectra. 
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Fig. 15 Energy dispersive X-ray spectrometer (EDS) analysis results for the S3 specimen at 80 N load 
for three analysis positions with corresponding spectra. 
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The energy spectrums in Fig. 15 make it evident that 
the main component of the wear scar is still the 
original composition of the S2 specimen; there was 
no possibly material transfer. Even though there were 
few asperities on 


the surface of the ductile iron, it could be observed 
from Fig. 12 spectrum 3 that the Zn element was 
detected, which was a transfer from the B4. In 
addition, the Fe element was reduced dramatically, 
meaning most of the Fe elements were attached to the 
surface of the upper specimens in the process of the 
sliding action. 


Additionally, the mass fraction of the O, Al, and s 
elements gradually increases. Analysis results of the 
energy spectrums and its mapping of Fig. 12 spectra 
are exhibited, revealing the dense distribution of O 
and the bleak S elements. Presumably, the wear 
process is accompanied by oxidative wear; However, 
antioxidant elements in ductile iron, such as the Cr 
and Al, a good anti-oxidation could be possessed 
[25], inhibiting the occurrence of oxidation reaction 
to some degree. 


Material atomic weight, surface coating, and treatment 
influence on the friction and wear are remarkable in 
selecting a valve plate for the swash plate axial piston 
pump. The choice of material hardness between the 
specimens (cylinder block/valve _ interface) 
dramatically improves the pump's efficiency. On the 
other hand, Piston pumps are frequently used in harsh 
conditions. Pumps are difficult to replace during 
operation; thus, longevity is a significant concern. 
Although reducing friction lowers the mechanical 
performance of axial piston pumps and enhances the 
life span [15], a desirable surface roughness 
(R, * 0.4 um) is best for this interface since particles 
are less prone to adhere to smoother surfaces. These 
particles negatively affect friction and wear. 
According to the current study, the S2 specimen is a 
highly recommended surface finish technology for 
valve plate surfaces under these applied conditions. 


Lastly, the above results confirm that the $2 specimen 
coating provides the lowest friction and optimal wear 
on both the upper and lower specimens, having fewer 
asperities and debris on its surface, increasing 
mechanical efficiency without lowering pump 
lifetime. It should be emphasized that the contact 
interface between the valve plate and the cylinder 
block in this study was simplified to be a ball-on-disc 
contact. However, the contact condition was set as 
close to the real scenario as possible. 


friction properties and wear mechanism for the three 
different materials of the valve plate under sliding 
wear conditions of H.M. 46-oil lubrication were 
analyzed through graphical representations. The main 
findings are summarized as follows: 


1. When the percentage of Pb in the material 
increases, the friction, and wear rate coefficient 
first decreases before rising again as the loading 
force increases. On the S2 specimen, 10 wt% Pb 
content compare to the other specimens, solid 
lubricant coating forms, leading to the minimal 
wear rate and surface deformation. 


2. Although the ductile iron-type valve plate showed 
better wear resistance than the other two 
specimens, it causes more damage to the ball 
surface (cylinder block), increasing the wear rate 
for the cylinder block. In this regard, in selecting 
materials for the cylinder block/valve plate 
interface, the differences in the material hardness 
must be considered, as 38CrMoAI substrate 
bronze coating shows optimal COF, wear rate, 
and asperities' transfer on the surfaces of the 
upper and lower specimens. 


3. Therefore, this study reveals that 38CrMoAI1 
substrate bronze coating is best for fabricating the 
valve plate in a swashplate axial piston pump at 
low-speed operation. An important caveat of this 
research is that the contact interface between the 
valve plate and the cylinder block was simplified 
to a ball-on-disc interaction. Still, we aimed to 
make the contact condition as realistic as feasible. 
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